Neurofibromatosis type I (NFI) is a common genetic disorder that causes nervous system tumors, and learning and memory defects in humans, and animal models. We identify a novel growth factor stimulated adenylyl cyclase (AC) pathway in the Drosophila brain, which is disrupted by mutations in the epidermal growth factor receptor (EGFR), neurofibromin (NF1) and Ras, but not Ga s . This is the first demonstration in a metazoan that a receptor tyrosine kinase (RTK) pathway, acting independently of the heterotrimeric G-protein subunit Ga s , can activate AC. We also show that Ga s is the major Ga isoform in fly brains, and define a second AC pathway stimulated by serotonin and histamine requiring NF1 and Ga s , as well as a third, classical Ga s -dependent AC pathway, which is stimulated by Phe-Met-Arg-Phe-amide (FMRFamide) and dopamine. Using mutations and deletions of the human NF1 protein (hNF1) expressed in Nf1 mutant flies, we show that Ras activation by hNF1 is essential for growth factor stimulation of AC activity. Further, we demonstrate that sequences in the C-terminal region of hNF1 are sufficient for NF1/Ga s -dependent neurotransmitter stimulated AC activity, and for rescue of body size defects in Nf1 mutant flies.
INTRODUCTION
Mutations in the human NFI gene are characterized by benign but disfiguring tumors of the peripheral nervous system, as well as increased incidence of malignant peripheral nerve sheath tumors and central nervous system tumors (1) . About 40% of children with NFI exhibit learning deficits (2, 3) , and mouse models of NFI recapitulate both the tumor and learning phenotypes (4 -6) . In Drosophila, Nf1 mutations affect circadian rhythms (7) , body size (8) , responses to neuropeptides (9) and olfactory learning (10) . Thus, the NF1 protein is essential for normal neural development and plasticity in both vertebrates and invertebrates.
Gaining insights into the molecular mechanisms of NF1 function requires the identification of cellular signal transduction pathways that are disrupted by NFI mutations. Biochemical and genetic analysis in mammals and Drosophila has revealed that NF1 inhibits Ras activity (4 -7) , and regulates AC activity and cAMP levels (8 -13) . The NF1 protein has a central GTPase activating protein (GAP)-related domain (GRD), which catalyzes the intrinsic GTPase activity of Ras (14) . Many of the tumor phenotypes and learning deficits observed in NFI patients and animal models have been attributed to hyperactivation of Ras, that is observed, for example, in Schwann cells and mast cells (15 -18) . However, the NF1-regulated AC/cAMP pathway is important for controlling neuropeptide responses (9) and learning (10) in flies, as well as neuropeptide-stimulated AC activity in both flies and mammals (12, 13) . The NF1-dependent activation of AC versus downregulation of Ras may therefore # The Author 2006. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org have important phenotypic consequences, but the molecular mechanism, whereby NF1 regulates AC activity has not yet been determined.
The product of the Drosophila Ras1 gene is functionally equivalent to vertebrate H-Ras, K-Ras, or N-Ras that are mutated in 30% of human cancers (19) . Ras signaling is downregulated by the activity of GAPs, which catalyze the hydrolysis of Ras-GTP to Ras-GDP. Five genes are reported to encode Ras-specific GAPs in Drosophila (20) . The Gap1 and Nf1 genes each encode a GRD that can bind with Ras and catalyze GTPase activity (8, 21) , however, the Gap1 protein requires regions outside the GRD to achieve full catalytic activity (22) . Guanine exchange factors (GEFs) promote the exchange of GDP for GTP to activate Ras, thereby enabling interaction with downstream effectors such as Raf-1 and PI3 kinase (23, 24) . GEF activation of Ras is controlled by signaling through RTKs such as sevenless and the Drosophila EGFR (25 -27) . Classical genetic studies in Drosophila identified the sevenless RTK and its GEF son-of-sevenless (SOS) through their effect on eye development (25) . Mutations in the Gap1, Ras1, sevenless and EGFR genes also lead to defects in eye development and embryo patterning (21, 25, 26) . The Nf1 gene product does not perform a critical function in either of these pathways, probably owing to redundancy of Gap1 and NF1 activity, as Gap1;Nf1 double mutants are lethal (8) .
Our study identifies three distinct AC signaling pathways in the Drosophila brain, including a novel growth factor activated NF1/Ras-dependent AC, that remarkably does not require Ga s , as well as two separate neurotransmitterstimulated AC pathways, one requiring NF1 and Ga s , whereas the other requires Ga s alone. Analysis of the effect of human NF1 mutations and partial deletions, expressed in flies with no NF1, shows that separate domains of NF1 control the different AC pathways. In particular, we show that RasGAP activity of NF1 is necessary for Ras/ NF1-dependent AC signaling but not NF1/Ga s -dependent AC signaling, whereas part of the C-terminal region is sufficient for NF1/Ga s -dependent AC signaling and regulation of body size.
RESULTS

NF1 and Ras activate AC
The first indication that Ras may activate AC was shown by incubation of human H-Ras with Drosophila head membrane extracts to produce a dose-and time-dependent increase in AC activity, as measured by increases in cAMP levels (Fig. 1A) . AC activity was also stimulated by human K-Ras (Fig. 1B) , but not Rab3a (Fig. 1C) , suggesting that activation is specific to the Ras family of small GTPases, and not because of depletion of GTP or other factors. Secondly, this stimulation was shown to be NF1-dependent, as it was eliminated in Nf1 homozygous null mutant flies, Nf1 P1 and Nf1 P2 (Fig. 1D ), which do not express any detectable NF1 protein (8) . Furthermore, acute expression of a wild-type Nf1 transgene in the mutant background, controlled by a heat-shock promoter (hsNf1; Nf1 P2 ), was able to fully restore the H-Ras-stimulated AC activation to wild-type levels (Fig. 1D) . The acute nature of the response to NF1 indicates that this is not a developmental effect, and that NF1 is a critical component of the Ras-stimulated AC activity.
To further define the role of NF1 in Ras-stimulated AC activity we examined the effect of a purified GST-fusion protein containing an NF1-GRD fragment that retains GAP activity (28) . Significant increases in AC activity, measured by increased cAMP levels, were shown in wild-type extracts treated with NF1-GRD fusion protein in the absence of H-Ras (Fig. 1E ). This effect is specific to the GAP activity of the NF1-GRD fragment, as it is abolished in two NF1-GRD mutants (R1391S; K1419Q; Fig. 1E ) with reduced GAP activity, found in NFI patients (28 -30) . The NF1-GRD fragment was also unable to stimulate AC activity above control levels in Ras e2F /þ heterozygotes (Fig. 1F) , which have an inactivating mutation in the Switch I region of Ras (25) that normally activates Ras and interacts with downstream effectors. This suggests that levels of active Ras in these heterozygous flies are insufficient to stimulate AC activity, and that endogenous Drosophila Ras can interact with human NF1.
Growth factors stimulate the novel NF1/Ras-dependent AC pathway
To evaluate the functional significance of this novel pathway, we developed an assay to examine effects of neurotransmitters and growth factors on Ras stimulation of AC activity in vivo. Significant stimulation of AC activity was observed in wildtype larval brains treated with EGF or TGFa ( Fig. 2A and  B) . Stimulation of AC activity was abolished in Drosophila EGFR mutants ( Fig. 2A and B) , including the Egfr t1 hypomorphic mutant and the Df (2R)Egfr 18 /þ deficiency heterozygote (31) , demonstrating that these growth factors are acting directly on the Drosophila EGFR to stimulate AC activity. The stimulation of AC activity by growth factors is also abolished in both Nf1 homozygous null mutants and in Ras e1B /þ and Ras e2F /þ heterozygotes ( Fig. 2A and B) . The Ras e1B mutation affects the Switch II activator/effector domain of Ras (25) that contacts R1391S of NF1. Again, this demonstrates a requirement for both Ras and NF1 in the stimulation of AC activity.
To ensure that there is no crosstalk between EGFR and Ga s , we assayed growth factor stimulation of AC in Gsa B19 hypomorphic mutants (32) . Normal levels of stimulation of AC activity by both EGF and TGFa growth factors were seen in larval brains of Gsa B19 mutants ( Fig. 2C and D) , consistent with the fact that the Drosophila EGFR does not contain the juxtamembrane domain that facilitates crosstalk in vertebrate EGFRs (33) . Stimulation by GTPgS is very low in the Gsa B19 mutants (Fig. 2C and D) , indicating that Ga s is indeed the major stimulatory G-protein in larval brains. Control treatment of larval brains with insulin did not stimulate AC activity (Fig. 2E) . Thus, stimulation of AC by both EGF and TGFa growth factors require EGFR, Ras and NF1, but does not involve Ga s . The identified ligands for the Drosophila EGFR are members of the TGFa family (33) . This suggests that stimulation of the Ras/NF1-dependent AC pathway in flies may be activated by binding of endogenous ligands to the EGFR. Fig. 3A and B) . Thus, alterations in NF1 or Ras that disrupt growth factor-dependent stimulation of AC activity ( Fig. 2A and B), do not affect classical G-protein dependent stimulation of AC. In contrast, stimulation of AC by the neurotransmitters serotonin and histamine was disrupted in both Nf1 null mutants and Gsa B19 mutants but not in Ras/þ heterozygotes ( Fig. 3C  and D) , demonstrating an NF1/Ga s -dependent pathway for stimulation of AC activity that does not require Ras. A number of other neurotransmitters and neuromodulators had no effect on AC activity, including the neuropeptide pituitary AC activating polypeptide neuropeptide (PACAP38) (data not shown), suggesting that there are no receptors for these ligands in the larval brain.
Human NF1 mutations affect MAPK activity in Nf1 mutant flies
To address the possibility that NF1-dependent activation of AC versus downregulation of Ras activity is responsible for the variety of phenotypes seen in NFI patients and animal models, we examined clinically relevant missense mutations from NFI patients that are scattered throughout the length of the hNF1 protein (34 -36) , as well as deletions of hNF1. We report here the effect of expressing hNF1 containing four different missense mutations and five partial deletions (Fig. 4A ) in the Drosophila Nf1 mutant background, which were assayed for their effect on growth factor and neurotransmitterstimulated AC activity. The mutations chosen for this study occur in multiple patients and affect conserved amino acids (Table 1) . When assayed in yeast, the GRD domain mutants R1391S and K1423E drastically reduce GAP activity (29, 30, 37) , whereas the R1276P mutant completely abolishes GAP activity (38) . Transcription of UAS-hNF1 transgenes in flies was controlled using Gal4 drivers (39) , including the one that is expressed globally (e22c-Gal4); (40) and a nervous system specific driver (elav-Gal4); (41) . Assays were performed on flies that carry one copy of the normal or mutant UAS-hNF1 transgene and one copy of the Gal4 driver in the Nf1 mutant background ( Fig. 4B and C) , showing that hNF1 functions in Drosophila, and defining two separate domains that mediate activation of distinct AC pathways. Phosphorylation of mitogen-activated protein kinase (MAPK) is elevated in Drosophila Nf1 mutants because of increased Ras activity (7) . We first showed that normal hNF1 is able to inhibit Ras by showing that phospho-MAPK is reduced to wild-type levels when hNF1 (two independent lines; hNF1a and hNF1b) is expressed in Nf1 mutant flies under control of the e22c-Gal4 global driver ( Fig. 4D and E). As expected, mutant hNF1s with defective RasGAP activity (R1276P, R1391S, K1423E) or lacking the GRD (DGRD2, Cterm) cannot reduce phospho-MAPK levels (Fig. 4E) . The GRD fragments alone (GRD1, GRD2) were able to restore phospho-MAPK to wild-type levels, and the L847P mutation did not affect the RasGAP activity of full-length hNF1 (Fig. 4E) .
Human NF1 mutations affect AC activity in Nf1 mutant flies
We then demonstrated that the RasGAP activity of hNF1 was required for growth factor-stimulated AC activity, by expressing the mutant hNF1s or deletions under control of the nervous system-specific elav-Gal4 driver for larval brain assays. Mutant hNF1s with defective RasGAP activity, or lacking the GRD, did not respond to EGF stimulation ( Fig. 5A and C) . However, the L847P mutant and the GRD fragments responded normally to EGF (Fig. 5B and C) , indicating that the RasGAP activity of the GRD is indeed required for growth factor-stimulated NF1/Ras-dependent AC activity.
We next examined serotonin-and histamine-stimulated AC activity to see whether RasGAP activity of NF1 was required for the NF1/Ga s -dependent AC pathway. Stimulation of AC was normal for mutant hNF1s with or without RasGAP activity ( Fig. 5A and B) , indicating that NF1/Ga s -dependent AC activity does not require RasGAP activity. Consistent with this, the GRD fragments alone were not sufficient to restore NF1/Ga s -dependent AC activity (Fig. 5C ). We then asked whether any other region of NF1 is required for NF1/Ga sdependent AC activity. Constructs lacking the GRD (DGRD2, Cterm) were able to restore neurotransmitterstimulated AC activity (Fig. 5C ), demonstrating that sequences in the C-terminal region, common to DGRD2 and Cterm (Fig. 4A) , are essential for NF1/Ga s -dependent AC activity. 
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Human NF1 mutations also affect body size in Nf1 mutant flies
In order to confirm the physiological relevance of the NF1/ Ga s -dependent AC activity, and to verify that RasGAP activity is not required, we examined the effect of expressing the hNF1 mutants and deletions on the small body size phenotype previously seen in adult flies (8) . This phenotype can be rescued by supplying cAMP, but not by decreasing Ras activity (8) . We first showed that normal hNF1 is able to rescue the small body size of males and females using both elav-Gal4 and e22c-Gal4 drivers (Fig. 5D ). All four clinically relevant missense mutants, including those with defective RasGAP activity, are able to rescue body size just as effectively as normal hNF1 (Fig. 5E ) and neither of the GRD fragments was able to rescue body size (Fig. 5F) . Thus, the RasGAP activity of hNF1 is not required for rescue of body size. Both the GRD deletion and C-terminal fragment were effective at rescuing body size, but not the N-terminal fragment (Fig. 5F ). The L847P mutation in the region upstream of the GRD can still rescue MAPK activity ( Fig. 4D and E), AC activity (Fig. 5B ) and small body size (Fig. 5E ). This mutation may affect other aspects of NF1 function such as regulation or localization, rather than activity.
DISCUSSION
Three separate pathways for AC activation defined in this study are depicted in Figure 6 . First, a novel pathway for AC activation, downstream of growth factor stimulation of EGFR that requires both Ras and NF1, but not Ga s . Secondly, an NF1/Ga s -dependent AC pathway operating through the Rutabaga-AC (Rut-AC) and stimulated by serotonin and histamine, as observed here in the larval brain. The Rut-AC pathway may also be stimulated by PACAP38 at the larval neuromuscular junction and in adult heads as shown in previous studies (9, 10, 12) . Thirdly, a classical G-protein coupled receptor-stimulated AC pathway (42) operating through Ga s alone. The AC activated by NF1/Ras (AC-X), or Ga s (AC-Y), has not yet been identified. This study shows for the first time that Ras can stimulate AC in an NF1-dependent manner in higher organisms, via an RTK-coupled pathway that is independent of the Ga s G-protein. The functionality of human NF1 in the fly system, and the high degree of identity between human and fly NF1 (60%); (8) , suggests that similar pathways for AC activation may also operate in mammals. Previous studies failed to detect stimulation of AC by Ras in cultured vertebrate cell lines (43) , and in Xenopus oocytes (44) , however, these cell types may not contain sufficient NF1 to support NF1/ Ras-dependent AC activation. This is consistent with our observation that levels of both Ras and NF1 are critical for stimulation of AC activity in adult head membranes. The reported EGF activation of AC in cardiac myocytes and other tissues requires both Ga s , and the juxtamembrane domain of the EGFR (45,46), which is not present in the Drosophila EGFR (33) .
Our experiments with human NF1 mutants show that the GRD domain and the RasGAP activity of NF1 are both necessary and sufficient for growth factor-stimulated NF1/ Ras-dependent AC activity. We also conclude that C-terminal residues downstream of the GRD are critical for both body size regulation and neurotransmitter-stimulated NF1/Ga sdependent AC activity, thus defining for the first time a region outside the GRD that contributes to this pathway. Interestingly, expression of a human NF1 GRD fragment in Nf12/2 astrocytes results in only partial restoration of NF1-mediated increases in cAMP levels in response to PACAP (13) . Thus, regions outside the GRD also seem to be necessary for activation of AC in these mammalian cells.
Thus, NF1, while being a negative regulator of Ras, is also actively involved in stimulation of AC activity. Moreover, it regulates AC activity through at least two different mechanisms, one of which depends on the RasGAP activity of NF1. The multifunctional nature of the NF1 protein illuminates its importance in nervous system development, tumor formation and behavioral plasticity, and may also explain the wide range of clinical manifestations in neurofibromatosis type I.
MATERIALS AND METHODS
Drosophila melanogaster media, strains and heat-shock conditions
Flies were raised at room temperature (22 -248C) on standard cornmeal medium. The Nf1 mutants Nf1 P1 and Nf1 P2 , together with the parental K33 line and hsNf1;Nf1 P2 flies were obtained Amino acids that are identical in human, mouse and fly are capitalized and the mutated amino acid is underlined. P2 carries a P-element insertion within the first intron of the Nf1 gene, and neither allele produces any detectable NF1 protein (8) . Heat-shock induction of NF1 was performed at 358C for 2 h, then flies were rested at 21-238C for 1 h. The Ras e1B and Ras e2F mutants are from the Drosophila Stock Center (Bloomington, IA, USA). Each has an amino acid substitution in either the Switch II or Switch I effector domains, respectively (25) 
Adult head AC activity assay
The AC activity assay was performed as detailed here, essentially as described by Livingstone (49) . About 20 heads/genotype of adult male Drosophila, anaesthetized by chilling, were homogenized in 850 ml lysis buffer (25 mM Tris -acetate buffer at pH 7.5, 1 mM dithiothreitol, 0.01 mg/ml aprotinin and 0.01 mg/ml pepstatin) using a glass pestle. Membranes were recovered by centrifugation at 178 000g for 10 min at 48C, then re-suspended in 800 ml lysis buffer on ice. Protein concentration (typically 1.5 -2.5 mg/ml) was determined using the Bradford Protein Assay (BioRad), and adjusted to 1 mg/ml. Fifty microlitres of 2Â assay buffer (50 mM Trisacetate buffer at pH 7.5, 20 mM MgCl 2 , 2 mM dithiothreitol, 10 mM creatine phosphate, 200 units/ml creatinine kinase, 0.1 mM cAMP at pH 7.5, 0.2 mg/ml bovine serum albumin, 0.02 mg/ml aprotinin, 0.02 mg/ml pepstatin and fresh 0.2 mg/ml PMSF) was added to 20 ml samples in glass vials on ice. Twenty microlitres Ca 2þ solution (2.5 mM CaCl 2 , 0.25 mg/ml calmodulin and 5 mM EGTA) was then added to samples, bringing the final [Ca 2þ ] to 10 27 M (as calculated using MaxChelator v1.31). Samples were equilibrated at 258C for 2 min, then H-Ras, K-Ras, Rab3a or GST-NF1-GRD were added (1 nM to 1 mM) to the membrane preparation. After 5 -60 min incubation at 258C, 10 ml radioactive substrate (10 mCi a-P 32 -ATP, 2 mM ATP) was added, and each sample was incubated at 258C for a further 10 min. Reactions were stopped by adding 150 ml of stop solution (33 pCi/ml 3 H-cAMP, 1.3% SDS, 30 mM ATP, 0.9 mM cAMP at pH 7.5). Then 750 ml water was added and samples were loaded onto 1.5 ml Dowex AG 50W-X4 columns (pre-washed with 10 ml 1 M HCl followed by 10 ml water) and washed with 2 ml of water. Samples were eluted with 4 ml water onto Alumina columns (pre-washed with 10 ml 0.1 M imidazole at pH 7.5) and washed with 1 ml 0.1 M imidazole at pH 7.5. Then samples were eluted with 4 ml 0.1 M imidazole into scintillation vials, and 4 ml scintillation cocktail (Ultima Flow M) was added to each vial. Samples were counted for 5 min in a Beckman LS600IC using two windows 0 -400 and 400 -1000. Column efficiency was determined by recovery of 3 H-cAMP, and the amount of 32 P-cAMP produced (pmol/min/mg protein) was calculated taking column efficiency into account. H-Ras and Rab3a were purchased from Sigma. K-Ras was from Merck. Radionucleotides were from Amersham and other chemicals from Sigma. All statistical analyses were performed using the paired student's t-test. Buffers for all experiments were prepared using Milli-Q purified water (Millipore).
GST fusion protein preparation
Wild-type and mutant NF1-GRD-GST fusion proteins (28) and GST alone were purified using glutathione beads as follows: 1 l cultures of Escherichia coli DH5a cells carrying GST-fusion plasmids were grown in LB plus 100 mg/ml ampicillin at 378C to log-phase and treated with 1 mM isopropyl-b-D-thiogalactopyranoside for 1 h. Cells were collected and lysed by sonication, at 48C for six cycles with 20 s each cycle, in 40 ml sonication buffer containing 1 mM EDTA, 1 mM EGTA 0.1% lubrol, 0.1 mM dithiothreitol and protease inhibitor cocktail (Roche). After centrifugation at 15 700g (Beckman JS-13-1) for 30 min at 48C, 30 ml of supernatant was added to 1 ml of 50% glutathione beads (Sigma), rotated for 1-2 h at 48C followed by centrifugation at 735g for 5 min at 48C. Beads were washed with 10 ml sonication buffer with protease inhibitor cocktail and then washed Figure 6 . AC can be activated by at least three distinct pathways: First, a novel NF1/Ras-dependent pathway stimulated by growth factors such as EGF and TGFa that activates an unidentified AC (AC-X), and does not involve Ga s ; secondly, an NF1/Ga s -dependent pathway, acting through Rutabaga-AC (Rut-AC), stimulated by serotonin and histamine, and possibly PACAP38 (see discussion), that does not require Ras; thirdly, a classical NF1-independent pathway, involving Ga s but not NF1 or Ras, stimulated by FMRFamide and dopamine that activates an unidentified AC (AC-Y).
with 10 ml elution buffer containing 50 mM Tris, 0.5 mM MgCl 2 and 0.5 mM dithiothreitol. For elution of the protein, 3 ml of elution buffer was added plus 4.2 mg/ml glutathione (Sigma) and supernatants were collected by centrifugation. Proteins were added to the head membrane extracts, at 1 mM concentration, at different time points as described above for Ras. GST-NF1-GRD fusion constructs were provided by F. Tamanoi (University of California, Los Angeles, CA, USA).
Larval brain AC activity assay
About 30 brains per genotype of third instar larvae were dissected in Drosophila larval saline solution (70 mM NaCl, 5 mM KCl, 10 mM NaHCO 3 , 115 mM sucrose, 5 mM HEPES, 5 mM trehalose, 1.5 mM CaCl 2 , 20 mM MgCl 2 at pH 7.1) at room temperature. In order to mimic physiological conditions as closely as possible, brains were dissociated manually into individual neurons in 100 ml larval saline, using forceps and pipetting, than separated into control and experimental groups that were kept on ice while other genotypes were dissected. To minimize variability, control and experimental groups in each comparison were always assayed in the same batch. Results generated from such experiments were highly consistent. Experimental groups were incubated at room temperature, with 2 mM growth factors in 10 mM Tris-acetate (pH 7.5) for 5 min, or with 0.2 mM neurotransmitters in 10 mM Tris -acetate for 2 min, as indicated in methods. Controls were treated with 10 mM Tris -acetate alone for 2 -5 min. After incubation, cells were centrifuged at low speed (1800g), then re-suspended in 180 ml lysis buffer (see above), and homogenized for 2 min on ice in an Eppendorf tube using a plastic pestle (Kontes). Protein concentration (typically 2-2.5 mg/ml) was determined using the Bradford Protein Assay (BioRad). Fifty microlitres 2Â assay buffer (see above) and 20 ml Ca 2þ solution (see above) was added to 20 ml samples in glass vials on ice. Samples were equilibrated at 258C for 2 min, then 10 ml radioactive substrate (see above) was added, and reactions were incubated at 258C for a further 10 min (growth factors) or 5 min (neurotransmitters). Reactions were stopped, then applied to columns and counted exactly as described for adult heads (see above). Growth factors (mouse EGF, rat TGFa), insulin and neurotransmitters (dopamine, FMRFamide, histamine and serotonin) were purchased from Sigma.
Mutagenesis of hNF1 and cloning of deletion constructs
Clones containing the human NF1 gene were obtained from A. Bernards (Massachusetts General Hospital). The 88:12 clone is a NotI-SalI fragment that contains the entire human NF1 cDNA cloned into NotI-SalI sites of pBluescript (pBSK; Stratagene). The UAS-hNF1 clone contains the NotI-SalI fragment of 88:12 cloned into NotI-XhoI sites of the pUAST vector, destroying both the SalI and XhoI site. For this study, a NotI-XhoI fragment of 88:12 was subcloned into NotI-XhoI cut pBluescript, and a XhoI-KpnI fragment of 88:12 was subcloned into XhoI-KpnI cut pBluescript. Sitedirected mutagenesis of the subclones used the Stratagene Chameleon kit with a pBSK-specific phosphorylated selection primer (5 0 pCCGCCACCGCGATGTAGCTCCAATTCGC 3 0 ) and mutation-specific mutagenesis primers, which altered a restriction enzyme site in addition to creating the desired clinically identified amino acid mutation (Table 1) . Clones were selected by restriction analysis and verified by PCR and sequencing, then mutagenized fragments were digested, gel-purified and ligated into the UAS-hNF1 construct. Deletion constructs (Fig. 4A) were generated using restriction digests and other enzymes as noted below, and verified by sequencing and PCR. The UAS-GRD2 construct (residues 986 -1746, bases 3153 -5432) was prepared by subcloning an NheI fragment into the XbaI site of pUAST. The UAS-DGRD2 construct (deletion 986 -1746) was generated by digesting the UAS-hNF1 clone with NheI to remove bases 3153 -5432, then digesting single stranded ends with Mung Bean nuclease (New England Biolabs) and re-ligating to restore the hNF1 reading frame. The UAS-GRD1 construct (residues 1241 -1746, bases 3918-5432) was prepared by digesting the UAS-GRD2 construct with XhoI and re-ligating to remove the NheI-XhoI fragment (bases 3153-3917). The UAS-Nterm clone (residues 1 -985, bases 198-3152) was prepared by digesting UAS-hNF1 with NheI and XbaI and re-ligating to remove the GRD and C-terminal regions. The UAS-Cterm clone (residues 1748 -2843, bases 5433-8717) was prepared by digesting with NotI and NheI, end filling with Klenow and re-ligating the blunt ends to remove the Nterminal and GRD regions.
Transgenic flies
P-element-mediated transformations were performed by injecting the mutated UAS-hNF1 cDNAs and deletion constructs into white 118(isoCJ1) (48) Drosophila embryos together with pTURBO as a source of transposase (50) . DNA used for injection was prepared using Qiagen kits and checked by PCR and restriction analysis. F1 transformants were identified by eye color and the location of insertions was assayed by crossing to the double balancer line w/Y;CyO/Sp;TM3Ser/Sb (47). Transcription of UAS-hNF1 transgenes in flies was controlled using the global Gal4 driver, e22c-Gal4 and a nervous system-specific X chromosome line, elav-Gal4 (see above). Second chromosome hNF1 insertion lines and Gal4 driver lines were crossed into the NF1 P2 mutant background using w/Y;CyO/Sp;TM3Ser/Sb (47) to create doubly homozygous lines with normal or mutant hNF1;Nf1 P2 or Gal4 driver;Nf1 P2 . The crossing schemes designed to generate progeny carrying one copy of the transgene and one copy of the Gal4 driver in the Nf1 mutant background are outlined (Fig. 4B and C) . Each of the mutant hNF1s and deletion constructs was tested using multiple Gal4 driver lines (in addition to the two presented here) and multiple insertion lines, except for R1276P for which only one transgenic line could be generated (Table 1) .
MAP kinase activity
Flies were collected at the same time each day to minimize circadian differences in phospho-MAPK levels (7). For each genotype, 10 heads were homogenized in 75 ml 1Â SDS loading buffer (Invitrogen) plus 0.5 mM dithiothreitol and protease inhibitor cocktail (Roche). Samples were run on precast
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Human Molecular Genetics, 2006, Vol. 15, No. 7 10% Tris -glycine gels (Novex, Invitrogen) in 1Â Trisglycine -SDS buffer at 125 V for 2 h. Proteins were transferred to nitrocellulose in 1Â Novex buffer plus 20% methanol for 2 h at 25 V. Transfer was verified by Ponceau staining, then blots were blocked in 5% milk/TBST for 1 h at room temperature, rinsed for 3 Â 5 min in TBST, then probed with primary antibody diluted 1/500 in 5% milk/ TBST overnight at 48C. Rabbit polyclonal antibodies to phosphorylated and non-phosphorylated human p44/42 MAPK were obtained from Cell Signaling Technology. Following rinses of 3 Â 5 min in TBST, blots were incubated with 1/ 10 000 donkey anti-rabbit HRP-conjugated secondary antibody (Amersham) diluted in 5% milk/TBST for 1 h at room temperature, then rinsed again for 3 Â 5 min in TBST, followed by 5 min TBS, prior to detection of signal using the ECL kit (Amersham) and multiple timed exposures to X-ray film. Blots were stripped for re-probing using ReBlot (Chemicon). A representative western blot probed with an anti-phospho-MAPK antibody and then stripped and reprobed with anti-MAPK antibody as shown in Figure 4D . Levels of phospho-MAPK and total MAPK were quantified using the densitometric function of the FluorChem imager (Alpha Innotech). After subtraction of in-lane background, levels of phospho-MAPK and total MAPK were normalized relative to control K33 wild-type samples (þ) run in parallel on each gel (Fig. 4D) . The ratio of phospho-MAPK to MAPK was determined and the results of four to six independent experiments are graphed (Fig. 4E) . Expression of full-length hNF1 was confirmed by western blot using a rabbit polyclonal antibody sc-68 (Santa Cruz) directed against the C-terminal domain of human NF1 (data not shown).
Body size measurement
The normal hNF1 gene has been shown to partially rescue AC-dependent small body size defects when expressed in the Nf1 mutant background, using the global Gal4 drivers armadillo-Gal4 and e22c-Gal4 (12) . In order to improve the statistical power of our body size analysis, we separated males and females for pupal size measurements in this study, as the large difference in body size between the sexes may mask the effects of the transgenes. Body size was assayed by measuring the length of late stage 10 pupae (eye pigments visible); (51) with a digital micrometer (Mitutoyo). Pupae were placed into a 96-well-plate and their sex determined after eclosion of adults. At least 50 pupae of each sex were measured and statistical significance was assessed using a paired student's t-test.
